It has been suggested that conversion to organic farming contributes to soil carbon sequestration, but until now a comprehensive quantitative assessment has been lacking. Therefore, datasets from 74 studies from pairwise comparisons of organic vs. nonorganic farming systems were subjected to metaanalysis to identify differences in soil organic carbon (SOC). We found significant differences and higher values for organically farmed soils of 0.18 ± 0.06% points (mean ± 95% confidence interval) for SOC concentrations, 3.50 ± 1.08 Mg C ha −1 for stocks, and 0.45 ± 0.21 Mg C ha −1 y −1 for sequestration rates compared with nonorganic management. Metaregression did not deliver clear results on drivers, but differences in external C inputs and crop rotations seemed important. Restricting the analysis to zero net input organic systems and retaining only the datasets with highest data quality (measured soil bulk densities and external C and N inputs), the mean difference in SOC stocks between the farming systems was still significant (1.98 ± 1.50 Mg C ha ). Analyzing zero net input systems for all data without this quality requirement revealed significant, positive differences in SOC concentrations and stocks (0.13 ± 0.09% points and 2.16 ± 1.65 Mg C ha −1
It has been suggested that conversion to organic farming contributes to soil carbon sequestration, but until now a comprehensive quantitative assessment has been lacking. Therefore, datasets from 74 studies from pairwise comparisons of organic vs. nonorganic farming systems were subjected to metaanalysis to identify differences in soil organic carbon (SOC). We found significant differences and higher values for organically farmed soils of 0.18 ± 0.06% points (mean ± 95% confidence interval) for SOC concentrations, 3.50 ± 1.08 Mg C ha −1 for stocks, and 0.45 ± 0.21 Mg C ha −1 y −1 for sequestration rates compared with nonorganic management. Metaregression did not deliver clear results on drivers, but differences in external C inputs and crop rotations seemed important. Restricting the analysis to zero net input organic systems and retaining only the datasets with highest data quality (measured soil bulk densities and external C and N inputs), the mean difference in SOC stocks between the farming systems was still significant (1.98 ± 1.50 Mg C ha −1 ), whereas the difference in sequestration rates became insignificant (0.07 ± 0.08 Mg C ha −1 y
−1
). Analyzing zero net input systems for all data without this quality requirement revealed significant, positive differences in SOC concentrations and stocks (0.13 ± 0.09% points and 2.16 ± 1.65 Mg C ha −1 , respectively) and insignificant differences for sequestration rates (0.27 ± 0.37 Mg C ha −1 y
). The data mainly cover top soil and temperate zones, whereas only few data from tropical regions and subsoil horizons exist. Summarizing, this study shows that organic farming has the potential to accumulate soil carbon.
climate change | soil quality | agricultural systems S oil carbon sequestration at a global scale is considered the mechanism responsible for the greatest mitigation potential within the agricultural sector, with an estimated 90% contribution to the potential of what is technically feasible (1, 2) . However, global soil carbon stocks of agricultural land have decreased historically and continue to decline (3) . Thus, improved agronomic practices that could lead to reduced carbon losses or even increased soil carbon storage are highly desired. This includes improved crop varieties, extending crop rotations, notably those with grass-clover or forage legume leys that allocate more carbon below-ground, avoiding or reducing use of bare (unplanted) fallow (4) , and the application of organic fertilizer such as compost or waste products from livestock husbandry in the form of slurry or stacked manure (5) . Although these practices are not common in current modern agriculture, they are core practices of organic agriculture, where crop production relies in large part on closed nutrient cycles by returning plant residues and manures from livestock back to the land and/or by integrating perennial plants, mainly grass-clover mixtures, into the system. It is therefore hypothesized that the adoption of organic agriculture will lead to a reduction in soil carbon losses or even to higher soil carbon concentrations and net carbon sequestration over time (6) . Introducing organic farming is considered an interesting and sustainable option for greenhouse gas (GHG) mitigation in agriculture. In contrast to the adoption of single GHG mitigation practices, organic farming as a systems approach provides many other cobenefits, such as adaptation to climate change, biodiversity and soil conservation, and the improvement of rural livelihood at the same time (7) .
Although there is some evidence that soil carbon concentrations are higher in soils managed organically than in those from integrated or conventional (nonorganic) farming (6, (8) (9) (10) , other studies have not found such differences (11, 12) . Because of these inconsistent findings, advantages and disadvantages of the organic farming system vs. integrated or conventional production are hotly debated (11, 13) . A drawback of existing reviews on soil organic carbon (SOC) in organic vs. nonorganic management is that they are either narrative (10) or based on a limited number of datasets, often do not account for data quality differences, and do not control for potential confounding drivers (9, 14) . Thus, there is a need for a systematic, globally explorative literature review/ synthesis on soil carbon datasets from pairwise organic vs. nonorganic farming system comparisons and a systematic quantitative analysis of SOC concentrations, stocks and sequestration rates that accounts for data quality, and potential confounding factors such as climatic conditions, soil characteristics, or the quantity of external nutrient inputs.
In this study, we aim to close this knowledge gap by conducting a metaanalysis of published data on the responses of SOC to conversion from conventional (= nonorganic) to organic farming management in pairwise comparisons. The objectives were to test whether adoption of organic farming resulted in (i) an increase in overall SOC concentration, (ii) an increase in overall SOC stocks, and (iii) higher SOC accumulation over time (= C sequestration rates) compared with nonorganic management. Using metaregression, we also analyzed how climatic conditions (rainfall and temperature), soil characteristics (clay concentration), duration of contrasting farming management, external C and N inputs, and land use type (arable, grassland, vegetable, orchard/viticulture farming) modulated the responses of SOC to the adoption of organic farming practices.
The observation period of the eligible farming system comparisons for the total dataset was 3-70 y (mean: 14.4 y; median: 10.0 y), and the soil horizon sampled encompassed the layer from 1.8 to 19.0 cm (median: 0-15 cm). Not all studies started sampling from 0 cm, but depth increments and total sampling depths were identical within comparative pairs (Table 1 provides further details on duration and sampling depths).
SOC concentration and stock data from farming system comparisons existed for all investigated land use types (i.e., arable, grassland, vegetable, orchard/viticulture farming), whereas sequestration rates were only available for arable and vegetable land use. The SOC dataset covered all climatic zones typical for agricultural production (Fig. S1 shows the localization of the comparative trials). We are not aware of organic vs. nonorganic farming management comparisons under boreal or arid climates. All three effect sizes contained data from all continents except for Africa and Antarctica. There are ongoing field trials comparing organic vs. nonorganic production in Kenya (vegetables), India (cotton), and Bolivia (cocoa), but published SOC datasets are not yet available (15) .
Differences Among Farming Systems. Metaanalyses of all three effect sizes revealed significantly higher SOC concentrations, SOC stocks, and C sequestration rates in soils under organic compared with nonorganic farming management. In organically managed soils, SOC concentrations were 0.18 ± 0.06% points (mean ± 95% confidence interval) higher ( Fig. 1A ; dataset category I, 200 comparisons), SOC stocks were 3.50 ± 1.08 Mg C ha −1 higher ( Fig.  1B ; dataset category I, 204 comparisons), and sequestration rates were 0.45 ± 0.21 Mg C ha −1 y −1 higher ( Fig. 1C ; dataset category I, 41 comparisons) than in nonorganically managed soils. These differences were all highly significant at P < 0.0001 and were rather conservative estimates because we removed five to nine outliers that would have biased the differences between farming systems considerably upward, although not greatly influencing significance levels. Removing these outliers thus reduces the risk of overestimating the effects of organic farming and provides a conservative analysis of the differences between systems. In all analyses, SOC stocks were derived from bulk densities and SOC concentrations, although not all bulk density values had been measured. Thus, we analyzed differences in SOC stocks and sequestration rates separately for a subset of studies that reported measured bulk densities. SOC stocks for this subset were 3.60 ± 1.45 Mg C ha −1 higher (P < 0.0001; Fig. 1B ; dataset category III, 93 comparisons), and sequestration rates were 0.30 ± 0.14 Mg C ha −1 y −1 higher (P < 0.0001; Fig. 1C ; dataset category III, 32 comparisons) for organic vs. nonorganic management. Soil bulk densities were found to be lower for the organic practice (Dataset S1), thus the observed increase in SOC stocks in organically managed soils resulted from SOC enrichment and not from soil compaction.
Because soil carbon sequestration is time dependent owing to the phenomenon of "sink saturation" (16) , we also performed a metaanalysis with our dataset grouped according to duration of farming system comparison (up to 10 y, 10-20 y, more than 20 y). Our results show this time dependency with the highest difference in sequestration rates for the first 10 years of organic management. Differences in sequestration rates are significant for the duration up to 10 y and 10-20 y, whereas differences in concentrations and stocks were always significant. Detailed results from these analyses are displayed in Dataset S1.
Although these data clearly showed that organic management increased SOC, it is often criticized that increased SOC stocks originate from massive imports of organic matter taken from elsewhere (13, 17, 18) . To examine the potential impact of imported organic matter, we analyzed a subset of studies representing organic farming systems with zero net input separately. These represent mixed livestock-crop production farms with forage crops in the crop rotation, such that the livestock can be fed entirely from fodder produced on-farm. In such systems, no import of organic matter occurs. On the other hand, these systems could also be stockless farms that import organic matter from elsewhere but to an extent that is supported by their own systems' productivity. For our analysis, the cutoff for a zero net input system was set at an amount of organic fertilizers applied to the trials that corresponds to the manure amount from 1.0 (European) livestock unit (LU) ha
. This is lower than the maximum stocking rates that we consider to reflect a zero net input system. Adopting this conservative threshold, we may neglect some studies that actually represent zero net input systems, but we can be sure that we have excluded all organic systems with net inputs. For nontemperate zones, a conservative threshold for zero net input systems could even be lower. Because only one study from nontemperate zones showed values below 1.0 LU (it reported 0.9 LU), the use of this threshold is adequate for our data set. In this subset, SOC concentrations were 0.13 ± 0.09% points higher (P < 0.001; Fig. 1A ; dataset category II, 60 comparisons), SOC stocks were 2.16 ± 1.65 Mg C ha −1 higher (P < 0.01; Fig. 1B ; dataset category II, 60 comparisons), and C sequestration rates were no longer significantly different from nonorganically managed soils (0.27 ± 0.37 Mg C ha −1 y −1 , P > 0.1; Fig. 1C ; dataset category II, 19 comparisons). Identifying whether the organic treatment in a comparison corresponded to a zero net input system required data on external C and N inputs. Measured external C and N inputs had been SOC concentrations, stocks, and C sequestration rates are the three effect-sizes in this metaanalysis. *Of 20 publications on SOC sequestration, 11 report measured bulk densities, for the other 9 bulk densities were estimated.
† Continents except Antarctica.
reported for only a few studies. For the other studies, they were calculated from reported rates of manure and compost using standard C and N concentrations. An analysis of only those zero net input systems that reported external C and N inputs in detail showed that SOC concentrations of organically managed soils were 0.07 ± 0.05% points higher (P < 0.01; Fig. 1A ; dataset category IV, 17 comparisons) and SOC stocks were 1.83 ± 1.44 Mg C ha −1 higher (P < 0.01; Fig. 1B ; dataset category IV, 17 comparisons) compared with nonorganically managed soils. No difference in C sequestration rates between both systems could be determined from this dataset (0.16 ± 0.25 Mg C ha
, P > 0.1; Fig. 1C ; dataset category IV, 12 comparisons). However, taking only the subset also reporting measured bulk densities for the zero net input system trials led to SOC stocks that were not significantly higher under organic management (2.36 ± 2.99 Mg C ha −1 ; Fig.  1B ; dataset category V, 32 comparisons), whereas C sequestration rates were 0.14 ± 0.14 Mg C ha −1 y −1 higher (P < 0.05; Fig. 1C ; dataset category V, 11 comparisons) compared with nonorganic management. Taking all three conditions (measured inputs, measured bulk densities and zero net input systems), finally, led to SOC stocks that were 1.98 ± 1.50 Mg C ha −1 higher under organic management (P < 0.01; Fig. 1B ; dataset category VI, 11 comparisons) and sequestration rates that were 0.07 ± 0.08 Mg C ha
higher (P < 0.05; Fig. 1C ; dataset category V, 9 comparisons). These analyses suggest that organically managed systems have higher SOC levels, both when using the full dataset or the various subsets of zero net input systems only, or when using subsets of improved data quality only, by exclusively retaining those comparisons with directly measured data.
Factors Influencing Changes in Soil Organic Carbon. The organic and nonorganic farming systems covered in the trials varied considerably with respect to the amount of farmyard manures applied and the composition of crop rotations, potentially influencing the observed differences in SOC stocks and C sequestration rates. Furthermore, climatic and soil conditions as well as the land use types may influence the observed SOC differences. Thus, we used a metaregression to identify the importance of potential driving variables on observed SOC differences. On the basis of these metaregressions (detailed results are given in Dataset S1; further details on the regressions are provided in Methods), significant results were found for SOC concentrations and stocks but not for C sequestration rates. We thus only display the corresponding tables for SOC concentrations and stocks (Dataset S1). The estimated parameters, their significance levels, and how those change between the different models and data subsets (SI Methods, Dataset S1) suggested that differences in external C inputs, clay concentrations, mean annual precipitation, and mean annual temperature did influence differences in SOC concentrations and stocks. Presence of the same crop rotation in both systems, and land use may also be influential. As expected, the sign of the influence of external C inputs is positive, and the sign of the influence of the same crop rotations is negative. External N inputs and forage legumes in organic systems seem unimportant. However, for all of these variables, more data are necessary before conclusive impacts can be determined, and our findings are thus-far indicative at best.
Discussion
Limitations of the Dataset. The compiled database is to the best of our knowledge the largest for comparing of SOC in organic vs. nonorganic farming systems. However, there are some few limitations concerning the significance and the transferability of our results.
A first limitation is that less than 50% of all studies that qualified for our database reported SOC stocks or provided soil bulk densities to calculate stocks. This is because the majority of the farming system comparisons were originally designed to investigate the influence of agricultural management practices on agronomic performance, such as plant dry matter production, grain yields, and other agronomic properties (13) . However, SOC concentration is more often reported in these studies, because it is considered a key indicator for soil quality, but C concentrations alone are not sufficient to assess the C sink potential. Another important limitation is the lack of data from the start of the respective experiment (baseline). However, without a proper baseline, it is impossible to determine whether a measured difference in SOC between two treatments after a certain period is actually caused by the treatment or whether it has already been present at the beginning. In the current database, SOC stock data at time point zero could be obtained from only 20 studies, of which nine only reported initial SOC concentrations but no bulk density. For these nine studies, SOC stocks were calculated on the basis of bulk density values that were estimated according to Post and Kwon (2000) (19) .
Moreover, the average soil sampling depth of the studies in our database included the thickness of a typical tillage layer of 20 cm soil depth. This soil depth covers almost the entire cultivation horizon of an agricultural soil, but it can be assumed that a substantial part of SOC will not be considered (20) and may lead to misinterpretation of management effects (21) . This is particularly significant in the view that in deeper soil horizons SOC may be more conserved (22) . It has been showed in farming systems of the DOK (bio-dynamic D, bio-organic O, and conventional K) farming systems trial in Switzerland with rotations comprising 2 y of deep rooting grass-clover leys (= forage legumes) in the crop rotation, that 64% of the total SOC stocks were deposited in the horizons at 20-80 cm soil depth (23) . In our dataset, 28% of the nonorganic and 47% of the organic treatments comprised forage legumes and thus likely produce a significant farming system effect on subsoil SOC. This, however, is not reflected in the current dataset, because subsoil samples under forage legumes in the crop rotation are scarce (compare the nonsignificant results of the metaregression for this variable).
Finally, our database showed a rather unbalanced coverage of climatic regions and continents. Of the 74 studies reporting SOC from farming system comparisons, 60 are obtained from three developed continents-North America, Europe, and Australia/ New Zealand. We have found only five eligible studies from the Asian continent, and none from Africa (most recent state of the database: 15.04.2012). However, for Sub-Saharan Africa (SSA) for instance, where soil resources are scarce and severely degraded, organic farming might be a promising approach for sustaining agricultural production. In this region a substantial reduction in precipitation has already been observed (24) , and the projected increase in human population between 2008 and 2050 will be from 364 million to 595 million (25) . The large population of resourcepoor and small-size land holders can neither afford the use of chemical fertilizers and other input, nor are they sure of their effectiveness (25) . For such regions, low external input systems such as organic farming can offer a long-term solution, but it remains unclear whether a SOC gain crucial for the build-up of soil fertility and resilience will really result from its adoption in SSA and comparable regions in the developing world. Therefore, data from field comparisons is much needed for these regions.
More Carbon in Organically Managed Soils? The metaanalysis of the three effects sizes "SOC concentration," "SOC stocks," and "C sequestration rates" indicated the presence of significantly more carbon in organically managed top soils. Our results showed that organic farming practice lead to SOC stocks in the upper 20 cm of soil over a period of ca. 14 y that are 3.50 ± 1.08 Mg C ha −1 higher in organic than in nonorganic systems. Considering those studies with the highest precision of data quality (measured C and N inputs and bulk densities) containing zero net input organic systems only, this difference is reduced, but still significant and positive at 1.98 ± 1.50 Mg C ha −1 . No comparison of these numbers with earlier results from review articles is possible, because the results presented here go beyond whatever has been published on SOC under organic and nonorganic management to date: in previous narrative reviews and/or semiquantitative approaches, only SOC concentrations were considered (6, 10, 13, 14) .
The observed differences in SOC concentrations, stocks, and C sequestration rates seem to be influenced by the amount of external annual C inputs. This is indicated by the regression results and also by the lower differences reported for zero net input systems. These C inputs are from organic fertilizer mainly in the form of stacked manure, slurry, or compost, which are either produced on the farm or imported into the farm; both are possible within the organic regulations (e.g., European Union regulation 837/2007). On average, 0.29 Mg and 1.20 Mg external C inputs ha −1 y −1 were applied to nonorganically and organically managed soils, respectively (Dataset S1). We used the variable "external C inputs" instead of the "total C inputs" for metaregression, because we have data on external C inputs for 57 of 74 studies, whereas only six studies provided data on total C inputs derived from plant residues and organic fertilizers. For these six studies, the mean total annual C input was 4.23 and 4.86 Mg C ha −1 for nonorganic and organic farming systems, respectively.
The observed differences in external C inputs between farming systems reflect the situation in modern agriculture whereby an increased specialization of farming enterprises in many developed countries led to a separation into livestock and crop production (26) , with the consequence that manure (mostly as slurry from livestock) is disposed of rather than recycled. In contrast, organic farms show a more pronounced integration of livestock into the farming system (27) . First, the above-ground biomass of forage legumes in organic crop rotations feed the farm animals, whose manure is brought back to the land; and second, the below-ground biomass of forage legumes contributes to soil fertility build-up. A higher percentage of forage legumes in organic cropping than in nonorganic cropping systems was also found in our dataset. The higher C inputs are thus system-intrinsic to organic agriculture and are not a phenomenon of a biased comparison between organic and conventional farming, as argued elsewhere (13) . The analysis of the subset of zero net input farms is important in the context of this discussion: it shows that, also under these conditions, increased SOC levels are observed under organic farming.
Carbon Sequestration Within Organic Farming Systems? The presence of a positive difference in SOC concentrations, stocks, and C sequestration rates between organic and nonorganic systems does not reveal whether this change goes along with a net carbon gain due to conversion from conventional to organic farming or whether it rather reflects a reduced carbon loss if compared with the nonorganic treatment. Averaging the differences between initial and final SOC stocks for studies in which such data were available and accounting for the study duration led to a slight carbon gain of 0.090 Mg C ha −1 y −1 for nonorganic and a carbon gain of 0.55 Mg C ha −1 y −1 for organic treatments. Hence, the result of the metaanalysis for the mean differences in C sequestration, 0.45 ± 1.05 Mg C ha
, between organic and nonorganic farming can be considered as net sequestration in the top soil. Leifeld and Fuhrer (13) found in their review an average annual increase of the SOC concentration in organic systems by 2.2%, whereas in conventional systems, SOC did not change significantly. Freibauer et al. (4) estimated a C sequestration potential of organic farming in Europe of 0-500 kg ha −1 y −1 (more than 50% uncertainty) using calculations based on the combination of single practices such as extensification, improved rotations, residue incorporation, and manure use, but excluding zero and reduced tillage.
Furthermore, the data show that carbon sequestration follows sink saturation dynamics (compare Dataset S1). SOC concentrations and stocks show increasing differences between farming systems for longer trial durations. This increase is largest in the early years of the comparisons and then attenuates. These dynamics also suggest that differences in sequestration rates quoted on a "per-year" basis arise from differences in trial duration. For unbiased assessment of differences in soil carbon sequestration between farming systems, stocks and concentrations at the beginning and the end of a trial need to be reported and expressed relative to the trial duration.
Soil Carbon Sequestration in Organic Farming in a Wider Context. We close this discussion by putting our results in the wider context of global climate change mitigation and life-cycle analysis. First, an estimate of the maximum technical mitigation potential from soil C sequestration by switching to organic agriculture can be gained by applying the average difference in sequestration rates for net zero input systems (0.27 Mg C ha
) to the current global arable land area, and to European or US arable area only, thus accounting for the bias of the data for these regions (data and calculations for this paragraph are given in Dataset S1). This results in 0.37 Gt C sequestered per year globally (0.03 Gt C in Europe, 0.04 Gt C in the United States), thus offsetting 3% of current total GHG emissions (2.3% for Europe, 2.3% for the United States), or 25% of total current agricultural emissions (23% for Europe, 36% for the United States), and equaling approximately 25% of the annual technical agricultural mitigation potential, as identified elsewhere (2) . The cumulative mitigation till 2030 would contribute 13% to the cumulative reductions that would be necessary until 2030 to stay on the path to reach the twodegree goal by 2100 [56 Gt C globally from 2010 till 2030, according to the RCP2.6 scenario (28)]. We emphasize that this estimate represents the maximum technical potential because (i) it is unclear how much conventionally farmed cropland already receives organic material, and (ii) our calculations do not account for economic and market aspects.
Further, the estimation of carbon sequestration alone does not equate to climate change mitigation because (i) offsetting emissions with sequestration only buys time and does not negate the need for emission reduction, and (ii) soil-derived N 2 O emissions, production emissions of different fertilizers, and energy-related emissions from farm machinery and irrigation, as well as emissions from livestock and manure, need to be accounted for in a life-cycle analysis. We have focused on the differences in SOC sequestration between organic and conventional production. Schader et al. (29) provide a review on the relative performance of organic agriculture regarding other aspects, such as, for example, energy use and emissions in the livestock sector.
Conclusions
Metaanalysis from the farming systems database compiled for this study confirms higher SOC concentrations and stocks in top soils under organic farming. Second, SOC differences seemed to be mainly influenced by elements of mixed farming (livestock plus crop production), such as organic matter recycling and forage legumes in the crop rotation. It is therefore likely that SOC concentrations and stocks under modern agriculture could be improved if these measures were adopted. These measures are intrinsic to organic agriculture but can in principle be applied in any agricultural production system. Further research is required to underpin the observed findings for the entire soil profile and for developing regions (e.g., SSA) where no data from farming systems comparisons are available.
Methods
Additional details on the data and methods can be found in the SI Methods.
Data Sources. We collected data from pairwise comparisons on organic and nonorganic farming systems from peer-reviewed research papers that reported measured data on SOC concentrations, SOC stocks, and C sequestration rates. SOC concentrations describe the organic carbon concentration on a weight by weight basis, SOC stocks on a weight by area basis, and C sequestration rates on weight by area and elapsed time since conversion. The majority of the collected research papers were published in scientific journals, but we also included eligible studies from conference proceedings, book chapters, and dissertations to enlarge the dataset, because those contributions also undergo a peer-review process. In a few cases the authors were contacted for further information/data on their farming system comparison (Dataset S1).
All studies were based on farming system comparisons in which the organic practice was exclusively defined as organic by the respective authors. The term nonorganic was applied in the present article to a range of modern management systems that are defined as conventional or integrated, and as such, its exact meaning varied across studies. We used the term nonorganic for any farming system that relied on the use of synthetic nitrogen fertilizer and chemical plant protection means.
We used the following qualifying criteria to include studies: (i) the relevant organic farming principles were applied for at least 3 consecutive years. This is in agreement with the European Union legislation on organic farming (EC) Nr. 834/2007 and the organic farming directives in most countries worldwide; (ii) pairwise farming system comparisons: organic and nonorganic farming management was performed under the same pedo-climatic conditions (e.g., temperature, precipitation, soil texture, and soil type). In the studies in which SOC concentration but no SOC stock data were reported (because of missing bulk densities), SOC stocks were calculated according to the formulas below to increase the number of studies reporting SOC stocks and C sequestration. SOC stocks (Mg C ha −1 ) in the corresponding soil layer were calculated as:
where BD is soil bulk density (Mg m −3 ), and D is the thickness of the soil layer (m). For nine studies, BD was not available at the beginning and the end of the observation period and was estimated according to Post and Kwon (19) :
where 0.244 is the bulk density of soil organic matter, 1.64 the bulk density of soil mineral matter, and OM conc the concentration of soil organic matter (%), which was estimated according to Nelson and Sommer (30) :
Livestock Stocking Density as a Proxy for Organic Fertilization Intensity. Only a few studies reported exact values on total annual C inputs, because most of the farming system comparisons were initiated to study the agronomic performance rather than soil carbon dynamics. Additionally, information on whether harvest residues were left on the field is scarce. In contrast, the external annual N inputs from organic fertilizer were reported more often in the used datasets. On the basis of the external annual organic N inputs (N fixation is excluded owing to lack of data), we calculated the animal stocking density as European livestock units (ELU) ha
, assuming a dairy cow (3,000 L milk, without additional concentrated feedstuffs) (31) produces 77 kg N in the form of organic compounds (32) . From this, external annual C inputs were calculated using standard factors (32) . This approach was used as a proxy to assess whether the amount of manure applied could have been produced theoretically at the respective organic farm, thus allowing for identification of comparisons that represented zero net input organic systems. We further validated our assumptions on zero net input systems by assessing yield data for the comparisons in which external inputs correspond to ≤1.0 ELU ha −1 . Yield data were available for four studies of this category only, but the results justify that the amount of farmyard manure applied is supported by the productivity of the relevant organic farming systems and that those thus indeed represent zero net input systems.
Data Analysis. For each farming system comparison, the mean in SOC concentration, SOC stock, and C sequestration rate under organic (x ORG ) and nonorganic (x non-ORG ) management was used to calculate the three effect sizes of interest, namely the mean differences (MD) in SOC as influenced by the farming system:
We extracted the mean, SD, or significance level (P value) and sample size (n) of SOC data in each experiment for weighing the response of SOC change by variation (SD) and sample sizes (n). Where we could neither extract nor calculate SD from SEs, we reassigned the SD as 1/10 of the mean (33) . This was the case for approximately half of the SOC concentration and for a third of the stock data. In fact, SD for measured SOC data were always below 1/10 of the mean SOC concentrations and SOC stocks (Dataset S1). A randomeffects metaanalysis was performed using the restricted maximum likelihood estimator using the Knapp-Hartung adjustment to account for the uncertainty in the estimate of (residual) heterogeneity (34) (35) (36) (37) . Datasets were analyzed with R Statistical Software using the "metafor" package (37) to calculate the effect sizes and their significance levels (Dataset S1).
Metaregression. To investigate potential driver variables of the observed SOC differences, we used a mixed-effects metaregression. This was also run in R using the "metafor" package (37).
We tested a general model, whereby differences in external C and N inputs influence differences in SOC between the farming systems, and whereby a range of other parameters also influences these differences. These additional parameters were mean annual temperature and mean annual precipitation levels; differences in clay concentrations; one variable for the same crop rotation in the organic and nonorganic trials and one for the absence of forage legumes in the conventional system while being present in the organic one; the duration of the farming system comparison; and variables for land use types ("arable," "grassland," "vegetables," and "orchards," where "arable" is the baseline for comparison).
Nonindependent Data. Eighty-seven comparisons analyzed belonged to sets of dependent comparisons that referred to the same conventional baseline for several organic treatments, to the same organic treatment for several conventional baselines, or (e.g., in the DOK trial: bio-dynamic D, bio-organic O, and conventional K) (12) where two organic treatments ("organic" and "biodynamic") are compared with two conventional baselines ("conventional with farmyard manure" and "conventional without farmyard manure"), resulting in four nonindependent comparisons). We accounted for this by also analyzing the data on aggregate level for these cases (i.e., by averaging over the conventional and/or organic treatments per study), as recommended by Borenstein et al. (38) . This reduced the number of observations by replacing the 87 comparisons with 30 aggregates. The results of such aggregated metaanalysis without control variables exhibited largely the same significance levels as the original results, although the values of SOC differences were usually about 10% higher for all three effect sizes. We do not provide further details on this aspect, because we chose to report the more conservative results from the analysis on the level of single comparisons.
Global Mitigation Potential. Arable land areas are taken from the FAOSTAT database (http://faostat.fao.org/). We focus on arable land, because sequestration rates are not available for grasslands in our dataset. Given that the median duration of all trials is 8 y, the average sequestration rate of 0.27 Mg C ha −1 y −1 allows the cumulative mitigation from 2010 up to 2030 (∼2012+2*8) from such a switch to be estimated. It should also be noted that the difference in sequestration rates for net zero input systems used was not significant.
